The effect of the 1918 influenza pandemic on other diseases is a neglected topic in historical epidemiology. This paper takes up the hypothesis that the influenza pandemic affected the long-term decline of tuberculosis though selective mortality, such that many people with tuberculosis were killed in 1918, depressing subsequent tuberculosis mortality and transmission. Regularlycollected vital statistics data on mortality of influenza and tuberculosis in the US are presented and analyzed demographically. The available populationlevel data fail to contradict the selection hypothesis. More work is needed to understand fully the role of multiple morbidities in the 1918 influenza pandemic.
Background and Introduction
"During 1918 and 1919 there was a sharp upward trend to the curve [of tuberculosis death rates], followed in a year, or at most two years, by a marked downward direction of the curve -much steeper in its descent than that preceding 1917-1918. ... The pandemic of influenza of 1918-19 carried off, in a brief period, a large number of tuberculosis subjects that would otherwise have lived on and their deaths been so distributed through later years as not materially to have disturbed the uniform downward direction of the tuberculosis curve that precede the period of the great pandemic." - Abbott (1922) We hypothesize that the 1918 influenza pandemic hastened the decline of tuberculosis in the United States. The proposed mechanism is a harvesting effect whereby many people with tuberculosis were killed during the increased mortality of 1918, thus reducing tuberculosis mortality and transmission in later years. This phenomenon was described by Abbott (1922) (quoted above), and independently rediscovered by Noymer and Garenne (2000) . This paper is an elaboration of that work. Routinely-collected US vital statistics data on cause-specific mortality by age and sex for the first half of the twentieth century are presented. These data are analyzed to show that the most salient patterns of cause-, sex-, age-, and period-specific mortality are highly consistent with the proposed harvesting or selection mechanism. The available demographic data support the selection hypothesis in the US, but that more work is needed, especially along the lines of collecting representative individual-level data.
The selective mortality hypothesis does not hold that tuberculosis alone was responsible for the severe mortality of the 1918 influenza pandemic. Annual winter influenza epidemics and high tuberculosis prevalence were present throughout the early twentieth century. Having both together did not create the unusual properties of the 1918 pandemic. The selective mortality hypothesis concerns the consequences of the pandemic for other diseases, especially tuberculosis, not the causes of the unusual severity of the 1918 pandemic.
The selective mortality hypothesis views the 1918 influenza pandemic as a pivot point in the decline of tuberculosis in the US. Tuberculosis mortality was in decline in the US since at least the mid-nineteenth century. The overall decline was greatly accelerated by the 1918 pandemic, but the process would have continued, albeit more slowly, even if the 1918 pandemic had not occurred. One reason the selection hypothesis is noteworthy, and merits the elaboration herein, is that the contemporary literature on the decline of tuberculosis in the US (see for example Comstock 1975) does not mention the 1918 influenza pandemic (the above quotation being an exception). This paper specifically deals with tuberculosis. All-cause mortality, as it relates to the selection hypothesis, is discussed in Noymer (2010) , and in the references therein.
Data and methods
Data in this paper come from a compendium of cause-specific death rates for the United States for the first half of the twentieth century (U.S. Department of Health, Education, and Welfare, 1956) . These data are for the death registration area of the US; overseas military deaths are excluded (Grove and Hetzel 1968) . The tuberculosis data are for all forms of the disease, and all data are for calendar years. Seasonal-and trend-adjusted 'excess' mortality is often used when analyzing influenza mortality, but not tuberculosis, so in order to compare like with like, calendar-year data are used for both diseases. The method of analysis is exploratory data analysis (Tukey 1977) . A Lexis surface is a graphical device cross-classifying vital rates (mortality in this case) by age and period (Arthur and Vaupel 1984 , and see online supplement). These are presented for tuberculosis mortality, by sex. All rates are per 100,000.
Results

Overlap of tuberculosis and influenza in 1918
Figure 1 shows age-mortality profiles. The left panel shows calendar year 1917. The solid lines (one per sex) are the age-mortality profile (age on horizontal axis, death rate on vertical axis, log scale) for influenza and pneumonia, and the dashed lines are for tuberculosis. The right panel is the same graph for 1918, showing clearly the pandemic. Tuberculosis is a chronic disease, a slow killer. The age-mortality profiles in figure 1 for tuberculosis represent the tip of the iceberg of the population with active tuberculosis at any given time, and of an even larger iceberg including latents (Styblo, 1991) .
The most important part of figure 1 is ages 20-35, or the middle of each panel. In the pre-pandemic period, tuberculosis death rates at these ages greatly exceeded those for pneumonia and influenza (recall the log scale of the vertical axis). It makes no sense, before the pandemic, to speak of influenza harvesting many of the tuberculous, because at the most important ages (by population) where tuberculosis death rates were highest, pneumonia and influenza killed many fewer people than tuberculosis itself. In calendar year 1918, due to the pandemic, pneumonia and influenza death rates greatly exceeded those for tuberculosis. Even assuming independent competing risks (i.e., no predisposition to die from influenza among the tuberculous), given the tremendous age overlap between pandemic influenza mortality and tuberculosis morbidity/mortality, Abbott (1922) must be right that the pandemic "carried off. . . a large number of tuberculosis subjects".
Tuberculosis age-mortality profiles: 1918 and 1919
Figure 2 plots age-mortality profiles for tuberculosis, for years 1918 and 1919. Each panel is one sex. The upper, solid, age-mortality profile is the 1918 age-mortality profile for tuberculosis, and the lower, dotted, profile is the 1919 age-mortality profile for tuberculosis. The region in-between the two nested profiles represents the magnitude of the tuberculosis mortality decline from 1918 to 1919. The volume of the irregular polygon bounded by the two curves gives the first-year impact of the selection effect. The pulldown in mortality overlaps very well with the age-mortality profile of the selector (i.e., pneumonia and influenza death rates in 1918). Specifically, we see that tuberculosis death rates decline very little except at ages where the 1918 influenza had unusual mortality (cf. figure 1) . Another way to look at the 1918-19 pull-down is table 1, which gives the raw data of figure 2. This shows that males, who had higher death rates for tuberculosis above age 25 and who had higher pandemic influenza mortality (figure 1), showed a much greater retreat in tuberculosis mortality. Figure 3 presents Lexis surfaces (by sex) of tuberculosis death rates. Color codes for mortality rate, according to the legend at right. The lowest rates are saturated blue, the highest rates are saturated red, with a continuum in-between; the scale is the same for both sexes.
Lexis surfaces of tuberculosis mortality
Age and period and cohort effects can all be seen in figure 3 . Age effects manifest as horizontal patterns, exhibited most clearly in the 5-14 year age group, which, for both sexes, has the lowest tuberculosis death rates. Cohort effects are seen as diagonal bands (see online supplement), which, given the discreteness of the age bins, show up as a "staircase" pattern, most distinctively in the lower right quadrant of the male surface. This pattern is thought to reflect declining patterns of cohort exposure to Mycobacterium tuberculosis. The most striking feature of the Lexis surface is not the staircase pattern but the sharp demarcation, at 1920, between the red and the white/blue regions, especially in the male surface. This period (vertical) effect is coincident with the pandemic, and the more modest effect among females aligns with the lower magnitude of pandemic mortality among females (figure 1). 
Discussion
The selective mortality hypothesis is proposed to account for a link between the 1918 influenza pandemic, and a downward pivot in tuberculosis death rates that occurred in the United States, starting in 1919. The available demographic data on mortality support the hypothesis.
There is still much that can be learned about this phenomenon. As noted above and in Noymer (2009) , it may be simply a question of independent competing risks. In other words, there need not be any special biological interaction between the two diseases ("active selection"), just age-overlap. ("passive selection"). Exactly how many tuberculosis deaths would be required as a harvesting to produce the mortality declines that were observed would be a potentially ripe subject for modeling (such as in Blower et al. 1995; Porco and Blower 1998) , as it would require assumptions about latency reactivation rates among other things.
The review of contemporary pathology data by Morens et al. (2008) did not find tuberculosis as a prominent co-morbidity in 1918 influenza victims. One explanation for this may be that the spike in tuberculosis deaths coded as such on death certificates (as noted by Abbott, and visible in figure 3) produced enough deaths to create the selection effect. These deaths would not then have been autopsied as influenza victims. Again, modeling could possibly help here. Also, the interaction may have been social, not biological. Tuberculosis was a disease that skewed toward the poor, and crowding among this group may also have enhanced influenza transmission.
There are other possibilities, such as that tiny pinhead-sized granulomas in tuberculosis latents (the basic biology of which we continue to learn about, e.g., Via et al. 2008) , may have seeded the lungs for post-influenza secondary non-tuberculosis bacterial infection. If reactivation rates were high enough, then killing latents could have a similar effect as killing those with active tuberculosis. The data presented herein do not permit more than speculation about this, but the point is to illustrate that there are nuances left to explore.
